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Study  region:  The  Qilian  Mountain,  northwestern  China.
Study  focus:  Land  degradation  is  a  global  eco-environmental  issue.  To minimize  soil  erosion
and  land  degradation,  China  has  implemented  several  ecological  engineering  such  as  “Grain
for Green”  program  (GFG) since  1999.  Relationship  between  vegetation  and  water  budgets
in catchments  has  been  widely  studied,  however  very  few studies  addressed  the  effects
of  eco-environmental  restoration  on  water  balance  in  mountain  areas,  especially  with  a
focus  on  soil  moisture  content.  Therefore  SWAT  model  was  used  to quantify  the  effects  of
ecological  engineering  actions  (taken  place  in  2005)  on  water  balance  in  Qilian  Mountain.
New  hydrological  insights  for  the  region:  After  the  ecological  engineering,  water  yield  and  soil
water content  experienced  an  increment  of 32%,  and  46%.  The  opposite  trend  was  monitored
in runoff  and  evapotranspiration,  which  decreased  by 48%  and  4%,  respectively.  Therefore
ecosystem  restoration  have  increased  soil  water  retention  capacity,  a greater  proportion
of precipitation  reaching  the  catchment  is absorbed  by the  soil  rather  than  ﬂowing  out  of
the  region  as  runoff.  Therefore  trade-offs  between  environmental  sustainability  and  water
resources  security  should  be carefully  addressed  in  arid  region  that  experienced  severe
water shortages.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC
BY  license  (http://creativecommons.org/licenses/by/4.0/).
1. IntroductionAs the originate district of freshwater resources, mountain accounting for 24% of the earth’s land area, but providing more
than 80% of terrestrial freshwater resources, while in arid and semi-arid areas, this ratio can even achieve 90% (FAO, 2000),
thus mountain ecosystems play a signiﬁcant role in the subsistence of the global ecosystem (Chase et al., 1999; Huss et al.,
∗ Corresponding author at: State Key Laboratory of Urban and Regional Ecology, Research Center for Eco−Environmental Sciences, Chinese Academy of
Sciences, Beijing 100085, China.
E-mail address: lyh@rcees.ac.cn (L. Zhang).
http://dx.doi.org/10.1016/j.ejrh.2015.11.015
2214-5818/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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008). Hydrological processes are one of the most important elements in interaction between different ecosystems (Buttle
t al., 2000; Hanjra and Qureshi, 2010), mountain hydrology has been intensively studied (Huber et al., 2005; Moran-Tejeda
t al., 2014).
Several studies have been conducted to assess the impact of climate change on mountain hydrology with speciﬁc regard
o runoff (Wang and Li, 2006), water yield (Huss et al., 2008; Sun et al., 2006), and rarely evapotranspiration (Calanca et al.,
006). Hydrological cycle not only subject to weather conditions, but also closely associated with vegetation type (Wang
t al., 2011a,b), thus the relationship between vegetation and water budgets in catchments have been widely studied and
ecame the subject of intense debate from hydrological as well as ecological point of view (Yang et al., 2005). For example,
u et al. (2010) stated runoff reduction rate of 25.6 mm per 10% forest increase at watershed scale by employing 23 scenarios,
hat runoff at the site scale will be reduced to zero when grass- or shrub-lands are converted to forest in arid Qilian Mountain.
arley et al. (2005) and Sun et al. (2006) reported that this runoff reduction would be more severe in humid regions. To our
nowledge, very few studies have addressed the effects of terrestrial ecosystem restoration on water balance in mountain
reas, especially with a focus on soil moisture content. Due to the limitation of scale, and research methods, it was  considered
s unresolved central issues in the related ﬁelds (Mu  et al., 2007).
Qilian Mountains is an important ecological functioning zone nourishing the oasis in northwest China (Yu et al., 2010).
ue to the unsustainable use of the forest, the oasis ecosystem was seriously damaged and experienced deterioration of its
cological environment (Chen and Xia, 1999). To alleviate desertiﬁcation and alleviate soil erosion, government has adopted
cological engineering such as “Grain for Green” program (GFG), “Natural Forest Protection Project”, and “The Three-North
helter Forest Program” since 2005 in this region.
In arid and semiarid region, some researchers indicated that increasing forest and grassland cover will reduce the total
unoff volume and strengthen drought (Huber et al., 2008; Sun et al., 2006), Qiu et al. (2011) showed that the ecological
ngineering have increased soil water retention capacity, a greater proportion of precipitation reaching the catchment is
bsorbed by the soil rather than ﬂowing out of the region as runoff, water resources were more efﬁciently used and the
cological environment was protected. Water supply in the up mountain area limits ecological water use in the middle and
ower reaches of the river (Jin et al., 2005; Li et al., 2012), however, they have not determine whether ecosystem restoration
educe or increase regional runoff volume in the mountains of arid inland river basins, the effects of ecosystem restoration
n water balance is unclear.
While answer this question will play a key role in sustainable development of water resources, and guide the recent
assive forestation and ecological restoration campaigns. In this study, Landsat TM remote sensing images (30m - resolution)
btained in 2000 and 2010 were used to monitor the vegetation changes and identify the magnitude of ecosystem restoration.
n an effort to fully address the scarcity of this information, the Soil and Water Assessment Tool (SWAT) model (Arnold et al.,
998) was used to quantify the effects of terrestrial ecosystem restoration on water balance in Qilian Mountains.Fig. 1. Location of the up Qilian Mountains with its hydro-meteorological stations.
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Fig. 2. Climate diagrams of air temperature (a) and precipitation (b) at the up Qilian Mountain in monthly and annual scale during1970–2010.
Table 1
The land type area variability of the up Qilian Mountain from 2000 to 2010.
2010 2000 Vegetation
change (km2)
Vegetation
change (%)
Farmland 17.55 3.5 14.05 401.43
Forest  1607.7 583.49 1024.21 175.53
High  coverage grassland 4453.34 4252.92 200.42 4.71
Medium coverage grassland 1962.83 2601.12 −638.29 −24.54
Low  coverage grassland 1022.13 1291.72 −269.59 −20.87
Water  110.32 63.65 46.67 73.32
Ice  coverage 37.74 456.83 −419.09 −91.74
Residential area 6.91 7.53 −0.62 −8.23
Bare  land 100.67 58.39 42.28 72.41
2. Materials and methods
2.1. Study area
The up Qilian Mountain in the arid areas of northwest China, is the headwater of the Heihe river, covering an area of
9319 km2. It lies between longitudes 97◦23′–101◦19′E, and latitudes 37◦42′–39◦41′N at elevations ranging from 1985 to
4723 m above sea level (Fig. 1). Subject to a temperate semi-arid and semi-humid continental monsoon climate, Fig. 2(a)
vividly showed that 60–70% of the precipitation occurred in the rainy summer season from June to September. Its monthly
mean temperature was about minus 11 ◦C in winter, and 12 ◦C in summer. Annual precipitation is relatively stable during
past four decades (Fig. 2(b)). Temperature, on the other hand, has experience drastic increase. From the 1970s to the1980s,
temperature was relatively stable, while during the following decade, an abrupt change occurred, and it increased by 64.66%
(0.49 ◦C). From the 1990s to the 2000s, it risen 50.10% (0.63 ◦C), the warming trend was dramatically in the Qilian Mountain.
To alleviate eco-environmental degraded, with a budget of 7.9 billion (over 1.2 billion), government has adopted ecological
engineering since 2005 such as “Grain for Green” program (GFG), “Natural Forest Protection Project”, and “The Three-North
Shelter Forest Program”. According to the objective of the project, after successful pending completion ecological engineering,
vegetation coverage will be achieved to 30–50%, and forest coverage rate to 7% by 2020.
In order to test the effect of ecological engineering at regional scale, 30 m resolution Landsat TM remote sensing images
in 2000 and 2010 were collected. Meanwhile the pre-processing of satellite images such as radiometric correction and
geometric rectiﬁcation should be carried out (Coppin and Bauer, 1994), the classiﬁcation was based on the land cover
and land use classiﬁcation system developed by Liu (1996) for interpretation of remote sensor data at various scales and
resolutions, with overall classiﬁcation accuracies of 80%. In this typical region, that the main land use types are farmland,
forest, and grassland—collectively accounting for about 90% of study area as depicted in Table 1. Farmland covered about
0.04% of the land area in the 2000s, as opposed to 0.19% in the 2010s. Forest expansion was  most evidently from 584 km2
to 1608 km2, increased by 176% during past decades. The high coverage grassland (vegetation coverage >50%) expansion
was not as obvious as forest, it also increased by 200 km2 (5%). Compared above mentioned, the medium (20% < vegetation
coverage < 50%) and low coverage grassland (5% < vegetation coverage < 20%) has experienced great decrease, which achieved
to about 25%, and 21%, respectively. Furthermore, decline of glacier area was relatively drastic, from 457 km2 to 38 km2,
declined by nearly 92%.
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.2. Model set up
SWAT model is one of the most widely used distributed Hydrological Models for clarifying effects of land management
ractices on watershed. The SWAT-simulated hydrologic cycle is based on the following water balance equation (Arnold
t al., 1998):
SWt = SW0 +
t∑
i=1
(Rday − Qsurf − Ea − Wseep − Qgw) (1)
here SWt is the ﬁnal soil water content (mm);  SW0 is the initial soil water content on day i (mm);  t is the time (days);
day is the amount of precipitation on day i (mm);  Qsurf is the amount of surface runoff on day i (mm);  Ea is the amount
f evapotranspiration on day i (mm);  Wseep is the amount of water entering the vadose zone from the soil proﬁle on day
 (mm);  and Qgw is the amount of return ﬂow on day i (mm).  Since SWAT model has been widely used and described in
etail (Singh et al., 2005; Moran-Tejeda et al., 2014; Rahman et al., 2015), additional details on the SWAT model have been
ocumented by Neitsch et al. (2002), a further description of the model is not given here.
.3. Data input and scenario design
In this study, the following sets of data were used: Landsat TM images with a spatial resolution of 30 m for 2000, and
010. A DEM of 90m resolution was used to delineate the boundaries, river networks, and hydrologic response units (HRUs)
Li et al., 2009) in the study area. In this study, thresholds for deﬁning HRUs in the SWAT model were set at 20% for land use
nd 10% for soils within a subbasin. Subbasins resulted from the overlay of land use and soil data were showed in Fig. 3. Soil
ype imaging (1:1,000,000) was obtained from the Heihe Watershed Allied Telemetry Experimental Research (HiWATER)
Li et al., 2013). Hydrological data included annual/monthly/daily data collected from the catchment’s hydrological control
tation Yingluoxia station from 1978 to 2004 (Fig. 1), one of the runoff gauges situated at main outlets of Qilian Mountain,
as used in the calibration and validation analysis of the SWAT model. Daily weather data from 1971 to 2010 were collected
rom four meteorological stations, which included precipitation, maximum and minimum temperatures, wind speed, hours
f sunshine, and relative humidity. Glacier data is poor in this research, nevertheless, a number of adjustments were applied
nd documented in order to simulate the glacier processes in the mountainous region, glacier cover data was  incorporated
nto SWAT model according to its contribution to the region (Pereira, 2011), and included into the snow-ice melt routing of
WAT according to Rahman et al. (2013).
Over the last decade, numerous ecological programs have been launched and the area of vegetation has continued to
hange in the arid regions of northwestern China. Thus, effects of ecological restoration on water balance were evaluated by
xed climate and change land use and land cover scenario into the model. This was done by replacing the TM imaging of 2000
328 F. Tian et al. / Journal of Hydrology: Regional Studies 5 (2016) 324–335Fig. 4. Observed and simulated monthly runoff at Yingluoxia station for the calibration (from 1979 to 1987, a) and validation period (from 1990 to 2004,
b).
with 2010 in the same climate scenario (1971–2010) with available data, running the SWAT model, and then simulating the
changes of water yield, runoff, evapotranspiration, and soil moisture content from 1971 to 2010. Comparison of simulated
values under different vegetation scenarios reveals the effects of vegetation restoration on water balance.
2.4. Calibration and validation
First, the model was calibrated to match with monthly runoff for the period 1979–1987. This period was  chosen because
runoff started measured since 1979, while in 1988 and 1989, no data traces, as no measurement conducted in the two years.
Second, runoff for 1990 and 2004 were used for validation analysis. The ﬁrst two  years were used as warm-up period to
mitigate the effect of unknown initial conditions, therefore were excluded from the analysis. The simulation period was
from 1971 to 2010. 11 most sensitive parameters were the same as that identiﬁed in Zang et al. (2012). The performance
of the model was evaluated by correlation coefﬁcient (R2), and Nash–Sutcliffe coefﬁcients (Nash and Sutcliffe, 1970), and
relative error (RE).
The Nash–Sutcliffe coefﬁcients are calculated as:
E = 1 −
n∑
i=1
(Qm − Qo)2
n∑
i=1
(
Qm − Qavg
)2
(2)
where E is the Nash–Sutcliffe determinacy coefﬁcient; Qm is simulated runoff (m3/s); Qo is observed runoff (m3/s); Qavg is
the average observed runoff (m3/s); n is number of observed values; and i is the index of the observed values. E is used to
estimate the agreement between the observed and simulated values. The range for E is from negative inﬁnity to 1; and the
nearer E is to 1, the better the result.
Relative error was calculated as:
RE =
[
Qo − Qm
Qo
]
× 100% (3)
where RE is the relative error, Qm is simulated runoff (m3/s); Qo is observed runoff (m3/s). The smaller the RE, the better the
result.
3. Results3.1. Results of model calibration and validation
The calibration and validation with SWAT model at the monthly scale was  satisfactory, as indicated by high values of R2
and most of data points were closely distributed around the 1:1 line (Fig. 4). At monthly time steps, the model performance
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uring the validation period (Fig. 4(b)) was better than calibration period (Fig. 4(a)), with high values of R2 (R2 = 0.96) and E
E = 0.93), and low values of relative error (3.51%). R2 and Nash–Sutcliffe coefﬁcients for calibration period reach 0.93, and
.88, respectively. And the average value of relative error was only 5.68%, indicating that the SWAT model generally exhibits
 good performance in the study area.
At yearly scale, the model performance (R2 = 0.88) (Fig. 5(b)) was not as good as that in monthly steps (R2 = 0.95) (Fig. 5(a)),
owever, the evaluation result was acceptable. More detailed information related E, RE, and R2 at yearly scale were shown in
able 2. The good agreement between the observed and simulated results demonstrated that the SWAT model was  acceptable
nd could be used to simulate the ecohydrological processes at up Qilian Mountain.
.2. Water balance response to ecological engineering
Fig. 6 showed the comparisons of the runoff-precipitation correlations for the natural and ecosystem restoration periods.
he natural period is deﬁned as the period from 1971 to 2010 with TM imaging of 2000, while the ecosystem restoration
eriod is deﬁned as the period from 1971 to 2010 with TM imaging of 2010. Although a decrease in precipitation was
ccompanied by a decrease in runoff, the regression line for the natural period lied above that for the ecosystem restoration
eriod, this implies that under similar precipitation, runoff under the ecosystem restoration period is much weaker. It is
easonable to state that ecological engineering, rather than climate or precipitation change, could be the major driving factor
f runoff decline in the basin.
We mapped the water balance impact of ecological engineering across the up Qilian Mountain to show its sensitivity to
errestrial ecosystem restoration (Fig. 7). Temporal hydrological parameters change such as runoff change was  computed
s the runoff amount after ecosystem restoration period (2010 land use scenario) minus that under the baseline condition
i.e. before ecosystem restoration period, 2000 land use scenario). As forest expansion evidently 176%, and the medium and
ow coverage grassland decreased 25%, and 21%, respectively, from 2000 to 2010, water yield increased by 32% (Fig. 7(a)),
nd soil water content experienced an increment of 46% (Fig. 7(d)). Instead on the other hand, severe runoff reduction of
8% occurred (Fig. 7(b)) over the same period, and evapotranspiration exhibited similar decreasing trend with runoff, with magnitude of 4% (Fig. 7(c)). Therefore, conversion of grass or shrub to forest eventually led to a variety of environmental
eneﬁts, such as intensifying soil water storage, it also could cause a complete loss of runoff at the regional scale.
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Table 2
The Nash–Sutcliffe coefﬁcients (E), relative error (RE), and correlation coefﬁcient (R2) during the calibration and validation periods at yearly scale.
Year E RE R2
Calibration
period
1979 0.79 −9.02 0.93
1980 0.85 4.05
1981 0.82 5.37
1982 0.60 −20.49
1983 0.93 1.41
1984 0.81 6.09
1985 0.80 6.30
1986 0.79 6.57
1987 0.75 10.28
Average 0.80 1.17
Validation
period
1990 0.82 −5.05 0.95
1991 0.73 12.70
1992 0.80 9.15
1993 0.76 10.18
1994 0.85 −4.17
1995 0.98 −0.55
1996 0.82 5.33
1997 0.81 6.11
1998 0.93 −1.42
1999 0.80 0.08
2000 0.85 4.47
2001 0.93 −1.82
2001 0.77 10.24
2003 0.82 6.96
2004 0.87 3.45
Average 0.85 4.23Fig. 6. Runoff and precipitation correlations comparison for the natural and ecological restoration periods at the up Qilian Mountain. Also plotted on the
ﬁgures is runoff decline under similar precipitation for the ecological restoration period.
3.3. Water balance comparison between different vegetation types
All the hydrological parameters such as runoff, and evapotranspiration were computed for individual land cover types in
SWAT model (Cristea et al., 2014). And the landscape patterns impact water yield, runoff, evapotranspiration, and soil water
content at the up Qilian Mountain under ecological engineering scenario were presented in Fig. 8. Temporal hydrological
parameters change such as runoff change was deﬁned as the difference between runoff distribution for grassland and
forest lands. The water yield changing trend was almost the same for different vegetation types. The annual water yield
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ilian  Mountain.
rom forest was 70.7 mm on average, and then followed by low and high coverage grassland, with values of 66.9 mm,
nd 56.1 mm,  respectively. Medium coverage grassland has the lowest values of 27.4 mm,  about 61.2% lower than forest.
he evapotranspiration change case noted inversely with water yield. Medium coverage grassland presented the highest
vapotranspiration with 175. 6 mm,  that was 24.9% higher than forest. Generally, the evapotranspiration of high coverage
rassland is much greater than that of low coverage grassland, which exceeds that of forest. In contrast to the water yield
nd evapotranspiration, the annual runoff from high and medium coverage grassland varied from 49.8 mm to 20.6 mm.  The
orest and low coverage grassland absorbed part of the lateral water ﬂow as well as generating no runoff from precipitation.
his is clearly demonstrated by the changing trend of soil water content. Generally, the soil water content was relatively
table, except the wet years. Forest has the highest values of soil water content (43.1 mm),  which was  65.3%, and 31.5% higher
han high and medium coverage grassland, respectively. This indicated that the conversion of medium and low coverage
rassland to forest could cause a complete loss of runoff at the regional scale. A greater proportion of precipitation reaching
he region is absorbed by the soil and used for forest growth, rather than ﬂowing out of the region as runoff, water resources
ere more efﬁciently used and the ecological environment was protected.
. Discussion
.1. Relationship between vegetation cover and water balance
Sun et al. (2006) indicated that the average water yield reduction vary from 50% in the semi-arid region in northern
hina to 30% in the tropical southern region. Feng et al. (2012) also detected 38% of the Loess Plateau experienced water
ield decrease (1–48 mm per year) as a result of afforestation. However, our results indicated that water yield in the Qilian
ountain in northwest China increased by 32% during post-vegetation restoration period (Fig. 7(a)), this may  comes from
ilian Mountain is a complex ecosystem consisting of grassland, forest, and glaciers. The relationship between vegetation
over and water yield are relatively complex (Wang et al., 2011a,b). According to Cristea et al. (2014), higher air temperature
eclined glacier area and produced less snowmelt water under warmer temperatures than under historic temperatures,
hen trees are not present then accumulation is higher due to the lack of canopy interception. Therefore we  argue that
cological engineering campaigns may  have obvious local effects on water yield reduction, however, regional effects are
f less concern since it vary greatly as determined by eco-environmental conditions (i.e. soil depth, climate, and plant
hysiological characteristics, etc.) and socioeconomics (Sun et al., 2005), relationship between water yield and vegetation
over can be inconsistent.
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Fig. 8. Comparison of annual water yield (a), runoff (b), evapotranspiration (c), and soil water content (d) between different vegetation types under
ecological engineering scenario at the up Qilian Mountain. (FRSE: Forest; PAST: High coverage grassland; SWRN: Low coverage grassland; WPAS: medium
coverage grassland).
Farley et al. (2005) reported that global averaged runoff reduction in humid regions was  44%, while in semi-humid and
semi-arid regions of China this reduction was about 50% (Sun et al., 2006). Our modeled result indicated that ecological
engineering at the up Qilian Mountain may  cause 48% runoff decrease (Fig. 7(b)), when grassland was converted to forest
in this arid region. This is in accordance with Yu et al. (2010), who indicated that runoff at the site scale will be reduced to
zero when grasslands or shrublands are converted to forest. At the mountainous region runoff could not reduce to zero, as
only part of the area in this mountainous region can support forest. Observations at Qilian Mountain also found that forest
vegetation might reduce surface runoff, minimizing ﬂooding, and postpone runoff period (Wang & Che, 1998). However,
such a runoff reduction my  cause severely consequence in semi-arid region that already suffering from serious water crisis.
As expected, small change in runoff amount resulted in a large relative change in the dry portion due to their low background
(Feng et al., 2012; Bi et al., 2013). It is thus important to policy makers in arid region, especially in the semi-arid mountains
which is the headwaters of inland rivers.
Soil water content experienced an increment of 46%, therefore conversion of grass or shrub to forest eventually led to a
variety of environmental beneﬁts, such as intensifying soil water storage. For Qilian Mountain it is important for maintaining
the “soil water pool” function. With limited precipitation and groundwater, soil moisture becomes the main water source and
the limiting factor of plant growth (Qiu et al., 2011), great differences lie in the low and high ﬂow period (Zang and Liu, 2015), it
directly affected the vegetation distribution and community structure, and sometimes restricting the ecological engineering
construction. Ecological engineering programs such as “Natural Forest Protection Project” and “The Three-North Shelter
Forest Programme” are the direct ecological effects of vegetation change better and prevention of soil erosion. Although
water conservation function of ecological engineering programs has been the community’s consensus, soil water content
increment was seldom clearly quantiﬁed before. This Soil water change represents a small fraction of available freshwater,
however, it affects evapotranspiration which is the central process in the climate system and a nexus of water, energy, and
carbon cycles, it also inﬂuence climate and weather (Dobriyal et al., 2012). Therefore soil moisture and plants, and there
coupling are at the heart of ecohydrology and the soil water balance, this suggests that the interaction between vegetation
development and soil moisture needs to be studied extensively. However, very few studies have addressed this issue in
mountain areas, although soil moisture estimation can help identify win–win association between ecosystem services and
establish payment for watershed services. In this research, evapotranspiration decreased 4% after ecological engineering,
while due to the lack of evapotranspiration data hampers the validation of the model. Evapotranspiration has a large impact
on water balance, thus the precise estimation of ET is still a priority for hydrological research (Wang et al., 2011a,b).
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.2. Policy problems and future prospects
China has been suffering from some of the world’s worst land degradation since 1960s (Zhou and Tan, 2011), and the
egraded area increased by 15% each decades (Wang and Han, 2000), government has responded by developing laws,
olicies, and national programs to arrest the rate of land degradation, where possible, reverse it. Ecological engineering such
s “Grain for Green” was the ﬁrst program launched in (Long, 2014). It is a milestone in Chinese forest policy. Although there
s a growing body of studies documenting the signiﬁcance of restoration (Qiu et al., 2011), over planting, on the contrary,
n water-limited region leaded to many policy failures, thus “small age trees” with heights of 3–5 m appeared widely in
oess Plateau-the largest highly erodible area on earth, where the pilot phased of GFG were implemented (Chen et al., 2008),
nd large-scale forest restoration in arid areas will undoubtedly resulted in water consumption, reducing the availability of
unoff water, and aggravated water scarcity.
Different hydrological effects are caused by different landscape patterns. Based on the quantitative understanding of
cological restoration effects on water balance, a trade-off between the numerous beneﬁts of vegetation coverage increase
nd its negative impact on water balance should be carefully addressed in semi-arid region with inherently severe water
hortage when considering ecological engineering.
Assessing the long term effects of vegetation based campaigns on water balance is important for the success of forestation
rojects, therefore such mountain hydrology studies are essential to guide the recent ecological restoration campaigns. This
ay provide implications for eco-environmental restoration program in China, and also be applicable to other arid and
emi-arid region of the world.
.3. Uncertainties and limitations of this study
This research represents a great effort to fully examine the hydrological balances across a typical mountainous region by
mploying a modelling approach. However, there are still some uncertainties and limitations. Firstly, uncertainties consis-
ently come from the compiled datasets and throughout the analyses. For example, the Penman–Monteith equation, which
s used to estimate evapotranspiration, requires signiﬁcant data including, but not limited to, solar radiation, wind speed,
nd canopy cover characteristics. Considerable uncertainty exists in weather generation. Secondly, the limited and uneven
istribution of meteorological stations may  inﬂuence the accuracy of simulation. Only one of the runoff gauges situated
t main outlets of Qilian Mountain and four meteorological stations were used in this case study, this will inﬂuence the
imulation accuracy. The evaluation result was acceptable, however, at yearly scale, the model performance (R2 = 0.88) was
ot as good as other swat model simulation (Li et al., 2009; Qiu et al., 2011). Thirdly, the lack of soil water content and evapo-
ranspiration data hampers the validation of the model. Last but not least, human activities such as hydropower station and
am construction may  inﬂuence the water cycling, however, they were not addressed quantitatively. According to Rahman
t al. (2013), uncertainties related to future energy demand needs to address as the decision on energy consumption is linked
ith type of energy generation sources (i.e. hydropower) and their dependency based upon the future demand. Therefore
he model used in this study still has room for further improvement.
. Conclusion
This research quantitatively evaluated the effects of ecological engineering on the water balance via distributed hydro-
ogical model—SWAT model. The SWAT model showed good performance in up Qilian Mountain with high R2 values over
.90 on monthly scales, and low relative error values of 3.51%, and 5.68%, respectively, for both calibration and validation
eriods (Fig. 5). Simulation result indicated that as forest expansion evidently 176%, and the medium and low coverage
rassland decreased 25%, and 21%, respectively, water yield and soil water content increased by 32% (Fig. 7(a)), and 46%
Fig. 7(d)), severe runoff reduction of 48% occurred (Fig. 7(b)). The landscape patterns impact water balance indicated that
he annual water yield from forest was the highest (70.7 mm on average), then followed by low (66.9 mm),  high (56.1 mm),
nd medium (27.4 mm)  coverage grassland (Fig. 8). However, the forest and low coverage grassland absorbed part of the
ateral water ﬂow as well as generating no runoff from precipitation. This is clearly demonstrated by the changing trend
f soil water content. Forest has the highest values of soil water content (43.1 mm),  which was  65.3%, and 31.5% higher
han high and medium coverage grassland, respectively. This indicated that the conversion of medium and low coverage
rassland to forest could cause a complete loss of runoff at the regional scale. A greater proportion of precipitation reaching
he region is absorbed by the soil and used for forest growth, rather than ﬂowing out of the region as runoff, water resources
ere more efﬁciently used and the ecological environment was protected.onﬂict of interest
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